INTRODUCTION
Senescence is a standard feature in the life histories of higher animals (Comfort 1979) . It is usually defined in relation to the pattern of age-specific mortality, a population being said to experience senescence if it exhibits a progressive increase in the age-specific death rate even when the population is maintained under conditions that are ideal for survival (see, for example, Medawar 1955; Maynard Smith 1962) . Underlying this progressive increase in the age-specific death rate is a generalized deterioration in a broad spectrum of physiological and metabolic functions (Finch & Schneider 1985) . These physiological decrements leave the organism increasingly vulnerable to a variety of intrinsic and extrinsic factors that may cause death. An important correlate of the declining physiological competence of a senescing organism is that reproduction also generally declines with age. Taken together, the declines in survival and fecundity mean that a senescing organism experiences a major, and eventually total, loss in fitness during later ages. The puzzle, therefore, is to explain why this trait, which is deleterious to individual fitness, has evolved.
Senescence is most clearly seen in the case of a species with an iteroparous life history (Kirkwood 1985) . In the iteroparous life history, the adult is capable of repeated reproduction after gaining sexual maturity (Cole 1954 ). This life-history pattern is potentially open-ended: it could in principle extend indefinitely, if senescence did not bring it to a close. This is in contrast to the semelparous life history, where death tends to follow closely upon reproduction, often as a direct result of endocrine and other changes which accompany the physiological commitment to reproduce Phil (Comfort 1979; Bell 1984) .
Why does senescence occur and what determines its rate of progress? These questions require answers at both the proximate, physiological level and at the ultimate, evolutionary level. The field of gerontology is replete with physiological theories to account for senescence (Finch & Schneider 1985; Warner et al. 1987; Medvedev 1990 ). Evolutionary theories explain senescence in terms of the selection forces acting on the life history. There is a long tradition of evolutionary discussion of senescence, which began last century with the work of Weismann and Wallace (Kirkwood & Cremer 1982; Rose 1991) .
In this paper, we describe two explanations of senescence which converge in the suggestion that its evolution can best be understood as a by-product of the priority that natural selection places on reproduction. One explanation, based in population genetics and owing mainly to Williams (1957) , is the theory of' antagonistic pleiotropy' (see also Charlesworth 1980; Rose 1984 b) . The other explanation is the 'disposable soma' theory (Kirkwood 1977 (Kirkwood , 1981 Kirkwood & Holliday 1979) . The disposable soma theory is based on an optimality approach, consistent with the framework of physiological ecology (Townsend & Calow 1981 ). The 15 16 T. B. L. Kirkwood and M. R. Rose Evolution of senescence common element in both these theories is the conclusion that, in effect, natural selection trades late survival for enhanced early fecundity. The theories differ in the extent to which they also address the question of physiological mechanisms of senescence (see also Discussion).
EVOLUTION OF SENESCENCE (a) Population genetics
The first hints of a population genetic approach to the problem of senescence come from Fisher (1930, pp. Haldane (1941, pp. 192-194) . Both Fisher and Haldane suggested that the force of natural selection acting on allelic variants affecting survival should decline during adulthood. Hamilton (1966) and Charlesworth (1980) later showed mathematically that this intuition is often correct: under conditions where the Malthusian parameter defines fitness, the intensity of selection acting on an allele modifying survival probability by a fixed proportion will decline with age. That is, the force of natural selection acting on adult survival does indeed tend to decline with adult age. Comparable results also apply to selection acting on age-specific fertility, although the period of decline may be shifted (Hamilton 1966; Charlesworth 1980 ). Thus it may be generally concluded that the action of natural selection on age-specific fitness effects declines with age.
28-29) and
Given that natural selection is the force responsible for the adaptation of the organism, the evolutionary principle that the action of natural selection declines with age during the adult stage of the life cycle leads to the prediction that senescence should evolve (Medawar 1946 (Medawar , 1952 Williams 1957) .
One population-genetic mechanism through which senescence might evolve is the accumulation of deleterious mutations that only act later in life, when the action of natural selection is extremely weak. This idea was discussed extensively by Medawar (1952) . Even if senescence does not exist already in the life history, the lifespan of most animals is effectively curtailed by the mortality exacted by the environment. This provides the scope for late-acting deleterious mutations to accumulate relatively immune to the action of natural selection. When a rare individual lives long enough to encounter the effects of these late-acting mutations, they combine to generate the diverse pathologies of the aged adult. Thus, mutations accumulate and introduce senescence into the life history.
A variant of the mutation accumulation idea, also discussed by Medawar (1952) , is that natural selection acts on alleles at age-of-action modifier loci to postpone numerous genetic diseases from earlier to later ages. However, the magnitude of the selection pressure for postponement of genetic diseases is only on the order of the mutation rate (cf. Ewens 1979, pp. 195-198) . For this reason, it is unlikely that such selection will overcome mutation pressure acting on the modifier locus, and this population genetic mechanism for the evolution of senescence is not given credence (Charlesworth 1980, p. 219).
Mutation accumulation is essentially a neutral process reflecting the inability of selection to exert tight control over the later portion of the lifespan. A stronger theory is obtained if it is assumed that the late deleterious effects are the pleiotropic consequences of genes that are favoured by selection because they confer early fitness benefits (Williams 1957) . This is the theory of antagonistic pleiotropy.
Antagonistic pleiotropy introduces the idea of a trade-off between early benefit and late cost, and the important thing about the declining action of selection with adult age is that it takes only a small fitness benefit early in life to outweigh a substantial deleterious effect later on. An interesting technical point is that the presence of antagonistic pleiotropy may maintain variability in relation to age-specific fitness effects (Rose 1982 (Rose , 1985 . This will then make it difficult to detect the action of mutation accumulation when antagonistic pleiotropy has also been involved in the evolution of senescence. However, while the action of one of these population genetic mechanisms may impede the detection of the other, there is no theoretical difficulty with their simultaneous action in one species.
(b) Physiological ecology
The disposable soma theory for the evolution of senescence comes from looking at the problem physiologically and asking how an organism should best allocate resources among the various metabolic tasks it needs to perform (Kirkwood 1977 (Kirkwood , 1981 Kirkwood & Holliday 1979 , 1986 ). In particular, the disposable soma theory addresses the question of the optimal investment of resources in somatic maintenance.
In physiological terms, an organism is an entity that takes in resources from its environment, primarily energy in the form of nutrients, uses these resources for a variety of metabolic tasks such as growth and maintenance, and in due course reproduces to generate an output of progeny. The problem of allocation of resources arises because resources used for one purpose are no longer available for other purposes. A central issue in physiological approaches to life-history evolution (see Sibly & Calow 1986; Partridge & Harvey 1988 ) is to understand which of the many different allocation strategies is optimal, i.e. maximizes fitness, for an organism subject to natural selection under a given set of ecological constraints. We might note that there is no implicit assumption here that resources are necessarily scarce. In practice, resources are often limiting. However, even where resources are abundant there are constraints on how fast they can be utilized. The point is that no matter what the gross intake of resources, there is always the problem of how best to divide them.
General solutions to the problem of optimal resource utilization are elusive, chiefly because the constraints that determine the option sets are as yet unknown This explanation for the evolution of senescence is termed the disposable soma theory for its analogy with the manufacture of disposable goods. In essence, the theory recognizes that all that is needed is a soma that remains in good condition through its normal expectation of life in the wild. Better maintenance than this is a waste, so the optimum is less than what is required for indefinite survival. This leads to the explicit predictions that (i) senescence is the result of the accumulation of somatic defects, and (ii) longevity is regulated through the efficiency of somatic maintenance processes.
EVOLUTION OF LIFESPAN
Species exhibit great variation in their lifespans. Among mammals alone, species' lifespans range over nearly two orders of magnitude. How does the evolution of species' lifespan differences relate to the theories on evolution of senescence?
We have just seen in the disposable soma theory that it is the presence of environmental mortality which makes it not worthwhile to invest in better maintenance than is needed to preserve somatic functions through the normal expectation of life in the wild. Expectation of life in the wild for an iteroparous species is largely determined by the prevailing level of environmental mortality. This is because most deaths occur in young animals through accidents, predation, and infectious When the level of environmental mortality is high, it is less worthwhile to invest heavily in maintenance and more worthwhile to invest in rapid growth and reproduction, and vice versa. Thus, it is clear that in the disposable soma theory the major driving force in the evolution of longevity is likely to be the prevailing level of environmental mortality. This can be studied in detail with the model described in the Appendix. What the disposable soma theory adds is the third column. This is an explicit prediction of the mechanism by which these correlations are generated physiologically, namely by varying the optimal investment in maintenance.
The level of environmental mortality plays a similarly central role in the evolution of lifespan in terms of antagonistic pleiotropy, although this theory's predictions with regard to the mechanism of lifespan determination are less explicit. Because most deaths in iteroparous adults are due to environmental causes, as already noted, the dominant factor influencing the rate of decline in the force of natural selection is the level of adult environmental mortality. The rate of decline in the force of natural selection is the key to determining what age is meant by 'late', in relation to the late deleterious fitness effects of antagonistically pleiotropic genes. Therefore, a high level of environmental mortality should be associated with short lifespan, and vice versa.
COSTS OF MAINTENANCE AND REPRODUCTION
The idea of costs of maintenance and reproduction has been used in this paper until now without specifying the sources and possible magnitudes of these costs. In the disposable soma theory, these costs form the basis of the theory and therefore play an essential part. In the antagonistic pleiotropy theory, as originally described by Williams (1957) , a more general concept of pleiotropy was advanced. As an example, Williams cited a mutation arising that has a favourable effect on the calcification of bone in the developmental period but which expresses itself in a subsequent somatic environment in the calcification of the connective tissue of the arteries. During recent years, however, advocacy of the antagonistic pleiotropy theory has emphasized the trade-offs between survival and fecundity. With this shift in focus the antagonistic pleiotropy theory has become rather similar to the disposable soma theory and now also rests heavily on the idea of costs of maintenance and reproduction.
The recognition of a cost of reproduction has long been a major theme in ecology (Stearns 1976 Costs of maintenance, although mentioned passingly as the obverse of reproductive effort, have received considerably less attention. Kirkwood (1981) reviewed the general problem of the evolution of maintenance and repair capabilities. For any repair or maintenance process to evolve, three basic conditions must be fulfilled. First, the organism must be able to survive the damage at least for long enough for repair to take place. Secondly, the information to restore the damaged part to its undamaged form must be available (the requirement of 'repeatability').
Thirdly, the overall benefit of repair, in terms of its effect on fitness must outweigh its cost. For severe forms of damage the fulfilment of all three conditions is less likely than for minor damage. Thus, the phylogenic distribution of major repair functions is likely to be less uniform than for correction of minor defects. This is presumably the reason why regeneration ability varies markedly between species (Kirkwood 1981; Reichman 1984) . Basic maintenance processes, on the other hand, are expected to be more evenly distributed, and we observe similar mechanisms in virtually all species.
Maintenance costs arise at three principal levels. The first comprises the costs incurred in those aspects of the construction of non-renewing parts, like teeth, which are concerned with durability. It might be argued that these are not really costs of maintenance, as such. They are, however, a part of the overall maintenance picture so we include them here. The second level comprises the cost of maintenance involving cell renewal. The way skin maintains itself is one example, the immune system another. The third level involves the processes of intracellular maintenance. These are particularly important because of their ubiquity. All cells require them, and there are striking similarities between basic cell maintenance processes among very different forms of life. Basic cell maintenance processes are also being found to be quite costly (see Given that each of these maintenance processes has its costs, some quite considerable, we expect the investment in them to be optimized at a level below that which permits indefinite survival. What we also expect is some degree of harmonization between rates of accumulation of different types of damage, which is probably part of the reason why attempts to explain senescence in terms of just DNA damage, or just protein errors, for example, have yielded inconclusive results (see, for example, Warner et al. 1987).
TESTS OF THE EVOLUTIONARY THEORIES (a) Evolutionary versus non-evolutionary theories
Non-evolutionary theories of senescence are those which suggest that senescence does not require an evolutionary explanation and arises, for example, as the inevitable result of wear-and-tear. Although there are logical arguments that can be advanced against the inevitability of wear-and-tear in a biological organism (see, for example, Williams 1957), the evolutionary theories could be falsified if it was shown that the presence and absence of senescence failed to correlate with the basic requirements of the evolutionary theories.
Bell ( (1974, 1977) . The need to control larval density at high rather than low levels is that when exposed to a rich, non-competitive environment, the larvae respond with rapid growth and early reproduction, vitiating the effects of selection for late fecundity. Replication of the selected lines is also important because if there are only one or two selected lines used for comparison, then they may have spuriously differentiated in response to selection due to linkage and related finite-population effects.
A study by Rose (1984b) The findings from the selection experiments in Drosophila provide a body of evidence consistent with the idea that selection has exploited a trade-off between survival and fecundity. This fits with the predictions of the antagonistic pleiotropy theory, and will also be consistent with the disposable soma theory if it turns out that the reason for the increased longevity in the old lines is that the flies invest more resources in somatic maintenance.
LEVELS OF TRADE-OFF BETWEEN SURVIVAL AND FECUNDITY
Theory and evidence support the idea of trade-offs between late survival and early fecundity. But at what level might these trade-offs be operating? First, the trade-offs might be non-metabolic. For instance, if reproductive activity reduces survival by increased risk exposure, or wear-and-tear, then simply rescheduling fecundity to later ages will increase survivorship. Secondly, the trade-offs might be direct metabolic trade-offs. These are trade-offs that can happen if reproduction and maintenance draw directly from the same supply of resources within the organism, so that reducing the demand for one automatically increases the supply to the other. Thirdly, the tradeoffs might be indirect metabolic trade-offs, such that resources are shared but not directly convertible between reproduction and maintenance. For instance, reducing the level of proofreading DNA replication may mean that cells consume less energy in maintenance, but it does not necessarily mean that the organism can produce larger or more frequent litters. Each investment is independently regulated, and reducing one merely provides a more favourable opportunity for adaptations increasing the other.
In general, non-metabolic and direct metabolic trade-offs are likely to be associated with greater plasticity of the life history, both genotypic and phenotypic. Indirect metabolic trade-offs will be slower to respond to altered circumstances, including those reported that a single genetic factor appeared to be mainly responsible for the delay in senescence, consistent with a predominating non-metabolic trade-off. This estimate rested, however, on a method of calculation which questionably assumed an equal influence of the genes measured. Luckinbill et al. ( 1988 b) later performed a more direct study using chromosome substitution, which suggested that longevity is under polygenic control with contributing elements on all chromosomes. However, one chromosome, the third chromosome, was found to be by far the most influential, accounting for two thirds of the observed effect in females.
The exact basis of the trade-offs between survival and fecundity in Drosophila remains to be discovered, and as Luckinbill et al. (1988b) point out, this will depend on locating and functionally analysing the individual genes that are involved. We note here, however, that although selection for postponed senescence has proved valuable in generating lines to compare, selection will expose most strongly those trade-offs that are most amenable to change and which respond quickest. These will tell us part, but not necessarily all of the story.
DISCUSSION
Two different approaches to understanding evolution of senescence lead to the same general conclusion, namely that a major factor is likely to have been the sacrifice of late survival in favour of enhanced early reproduction. One approach is through population genetics, particularly inspired by Medawar (1952) ). The evolutionary view described in this paper leads us to predict that genes involved in regulating the trade-offs between costs of maintenance and costs of reproduction should be principal candidates for intensive study. The disposable soma theory leads us to understand senescence as the result of tuning the investment in somatic maintenance at a level that is enough to survive the natural expectation of life in the wild, but not higher. This is a prediction which is eminently testable. We must recognize, however, that evolutionary theory also tells us that in iteroparous organisms no single physiological process is likely to cause senescence on its own. The practical problem of teasing out individual contributions to the overall process of senescence remains a major challenge.
APPENDIX
This appendix outlines the model used to obtain the results in figure 1 and table 1 (this is a modified version of an earlier model by Kirkwood & Holliday (1986) and Kirkwood (1990) The example of the mouse (table 1, centre row) was fitted using data on age at first reproduction a (taken as 6 weeks), maximum reproductive rate h (taken as 1.0 birth female-l week-1), and the pattern of intrinsic age-dependent adult mortality (taken as a Gompertz function of the form 0.0 le01x, where x is age in months; see Sacher (1978) ). From these data, and applying the constraint r = 0 for s = s*, values for juvenile mortality (95%), environmental mortality (y = 0.032), and lifespan (36 months) were determined. The value of s' was set at 0.8, and the value of s* found to be 0.5. A degree of freedom is available to define the arbitrary scale for s so that s* takes a convenient reference value, but whatever scaling is chosen s* is always well below s'.
